A general method for assembling patterned interfaces of uniform, flexible mesoporous iron oxide nanopyramid islands (NPIs) is presented. The three-dimensional (3D) mesoporous iron oxide-NPI interfaces possess a unique mesostructure that features a large surface area (~158 m 2 g − 1 ), a large pore size (~18 nm) and excellent flexibility (can be folded 100 times). Furthermore, the 3D mesoporous Au-NPI interfaces allow efficient immobilization of cytochrome c (Cyt c; more than 165-fold increase) and a significant enhancement of localized surface plasmon resonance (~26-fold at 625 nm) compared with that of two-dimensional (2D) planar iron oxide films without nanopores. More importantly, the ultrasensitive integrated interfaces demonstrate over 1000-fold enhancement of the photocurrent variation on the 3D mesostructures based on the switchable direct electrochemistry of Cyt c. The strategy of interfacial assembly offers new possibilities for the chemical design of patterned mesoporous semiconductors with high flexibility and tailored photocatalytic characteristics. This investigation provides a novel paradigm for an unconventional 3D porous biointerface that can be used for sub-nanomolar level recognition of biomolecules (~0.2 nM for H 2 O 2 ) and suggests the new concept of large-surface-area 3D mesostructure-protein interfaces as a step toward using direct electrochemistry for biomedical applications.
INTRODUCTION
Nanodevice interfaces functionalized with various signal-responsive molecules have been designed to provide these devices with tunable properties that make them suitable for diverse applications. [1] [2] [3] [4] External signals of different types (for example, optical, electrical, magnetic, mechanical and chemical/biochemical inputs [5] [6] [7] [8] [9] ) are applied to reversibly activate nanodevice interfaces upon demand. [10] [11] [12] [13] From these studies, molecular-semiconductor hetero-interfaces (such as protein-TiO 2 , 14, 15 DNA-quantum dots, 16, 17 organic molecule-silicon, 18 redox molecule-nanowires 19 and photoactive molecule-nanowires 20 ) have been applied to adjust photoelectrochemical (PEC) activities by enhancing the efficiency of PEC conversion. [21] [22] [23] [24] In PEC-based bioanalysis (for example, DNA analysis, [25] [26] [27] immunoassays [28] [29] [30] [31] and enzymatic sensing 32 ), PECenzymatic sensing has been the focus of considerable research because of the facile and inexpensive fabrication of appropriate interfaces and, more importantly, their high sensitivities and specificities. 33, 34 In addition, third-generation PEC enzyme biosensors based on direct electrochemistry have been shown to be capable of direct electron transfer between their active sites and electrodes. 33, 35, 36 A number of enzymes/redox proteins, such as horseradish peroxidase, 37 hemoglobin, 38 microperoxidase 39 and glucose oxidase, 40, 41 have been integrated into enzyme-based, third-generation biosensors. Recent studies have revealed the possibilities of switching photocurrent (cathodic or anodic) based on the direct electrochemistry of cytochrome c (Cyt c) for sensitive biosignal monitoring. 15, 35 Nonetheless, the sensitive signal capturing and switching toward complex living cells, rather than simple molecule models, has never been reported, for two main reasons. First, solar-driven interface interactions between living cells and semiconductors are still inefficient because of the limited number of active sites on conventional 2D structures. 15, 33 Second, direct electron transfer between redox proteins and semiconductors is typically prevented by the thickness of the protein layer and is permitted only at interfaces of a few layers or a single-layer of proteins. 30, 38 Passing this bottleneck requires being able to monitor cells by using three-dimensional (3D) micro-structures, as well as ultra-high interaction surfaces/interfaces for direct electron transfer between proteins and semiconductors, and ultrasensitive methods to capture trace signals from cellular activities. [42] [43] [44] Herein, we describe a novel 3D, mesoporous, iron oxide-based lab-on-a-chip molecular recognition platform with an integrated PEC-living cell interface for real-time signal-processing, which provides a large surface area for efficient immobilization of Cyt c. As a proof-of-concept, the assembly of redox Cyt c on the unique 3D interfaces enhances the interaction surfaces/interfaces to perform direct electron transfer. The ordered iron oxide pattern arrays possess excellent flexibility, a large surface area (~158 m 2 g − 1 ) and large pore sizes (~18 nm). Furthermore, such structures allow the 3D porous interface to exhibit substantial gold plasma enhancement (~26-folds at 625 nm) and efficient loading of oxidized and reduced Cyt c (~45.1 and 49.6 mg g − 1 , respectively), which is approximately 166-and 183-fold increase, respectively, compared with that on 2D planar Au-iron oxide films without nanopores. More importantly, the 3D electron donor (reduced Cyt c) porous interface demonstrates 2300-fold enhancement (~0.48 mA) over the 2D iron oxide planar biointerface. The 3D electron acceptor (oxidized Cyt c) porous interface displays~1350-fold enhancement (~0.33 mA). These unique properties also improve the probing performance at the subnanomolar level detection limit (~0.2 nm for H 2 O 2 ) by simultaneously facilitating electron transfer, enhancing plasmon-induced charge separation and providing more active reaction sites. This investigation paves the way for unconventional porous inorganic biointerfaces to recognize biomolecules and provides a new strategy of using 3D mesostructures to allow direct electron transfer from proteins for biosensing and disease diagnosis.
EXPERIMENTAL PROCEDURE
Fabrication of the 3D-patterned mesoporous Au-NPI interface A 3D-patterned Ti-SiO 2 film template with a uniform square space (10 × 10 μm 2 ) for the growth of Prussian blue (PB) was obtained by electron beam physical vapor deposition. Typically, a target anode was bombarded with an electron beam from a charged tungsten filament under a strong vacuum. The electron beam caused SiO 2 from the target to transform into the gaseous phase. The SiO 2 species in the gaseous phase were then deposited in solid form, thus coating Ti foil in the vacuum chamber with a thin layer (~50 nm) of the anode material. Then, 3D iron oxide nanopyramid islands (NPIs) were prepared by the interfacial growth of single-crystalline PB nanocubes on the flexible patterned space of the Ti foil, followed by the in-situ thermal conversion of PB on the Ti-SiO 2 film into a patterned porous 3D NPI array. K 3 [Fe(CN) 6 ]·3H 2 O (42.5 mg) was first added to 25 ml of hydrochloric acid (0.005 M) under stirring for 30 min. Then, a 1 × 1.5 cm 2 Ti-SiO 2 film was slowly immersed into the aforementioned mixture. Subsequently, the container was placed in an oven and heated at 85°C for 24 h. The obtained PB NPIs were taken from the container, washed with DI water and dried at 55°C in a vacuum oven for 12 h. To obtain the patterned 3D mesoporous NPIs with various mesostructures, the as-made PB NPIs were first heated to 450°C with a temperature increase of 1°C min − 1 for 3 h and then etched by NaOH (2.0 M) for 12 h at room temperature. To enhance the efficiency of the mesoporous NPIs for solar energy conversion, a layer of Au nanoparticles was deposited on the 3D NPIs by sputtering.
PEC measurements
The photocurrent was measured in a three-electrode PEC cell with Ag/AgCl as the reference electrode and meshed platinum as the counter electrode. The direct photocurrent measurements were performed with visible light upon application of 0 V on the photoelectrode using an electrochemical analyzer. The measurements were performed at ambient temperature (25 ± 2°C) in a conventional electrochemical cell consisting of a modified working electrode, a counter electrode made of platinum wire and a connected KCl-saturated Ag/AgCl electrode. Phosphate buffer (0.1 M, pH 7.0) was used as an aqueous background electrolyte. The irradiation of the photoactive electrode was performed from one side of the electrochemical cell through the semitransparent electrode. Argon bubbling was used to remove oxygen from the solutions in the electrochemical cells. The PEC measurements were performed in the presence of 5 × 10 − 5 M of Cyt c (oxidized or reduced).
Numerical simulations
The numerical simulations of 3D mesoporous nanopyramid Au-NPs films were performed using CST Microwave Studio Suite. The frequency-domain finite element method (FEM) solver was used to obtain the electric field distribution pattern that describes the light trapping properties of the mesoporous NPIs with Au nanospheres on them. Periodic unit cell boundary conditions were implemented in the lateral dimensions to simulate the characteristics of the 3D mesoporous nanopyramid Au-NP film. The nanopyramids were constructed from materials with a relative permittivity of Fe 2 O 3 (~9.06) with pores with diameters of 18 nm. Furthermore, Au nanospheres with diameters of 8 nm were placed on the nanopyramid surface and in the pores. The permittivity of the Au nanoparticles were obtained using size-dependent corrections 35, 36 to the bulk gold permittivity values. 37 Linearly polarized plane waves were perpendicularly incident on the nanostructures with periodic in-plane boundary conditions. Tetrahedral meshing with automatic mesh refinement was chosen to be fine enough for the frequency-domain simulations to study the optical response of the structure at the wavelength of interest. The electric field vectors were monitored at 3D mesh points to generate the electric field distribution maps. Figure 1a) . The 3D patterned Ti-SiO 2 film template with a uniform square space for the growth of PB was obtained by electron beam physical vapor deposition of a thin layer of SiO 2 (~50 nm) on the Ti foils ( Supplementary  Figure 2) . The strongly preferred orientation of PB crystals is attributed to the fast growth rate along the o1004 direction, which corresponds to the crystal morphology (Figures 1d and e) . 45 The 3D PB nanopyramid pattern was typically~10 × 10 μm 2 in width and length, and the equilibrium shape is apparently cubic with one of the corners viewed along the o1004 direction ( Supplementary  Figure 3a) . 46 Such structures are expected to be clearly visible from the side view of nanocrystals with the preferred orientation (Supplementary Figure 3b) . The top-view scanning electron microscopy (SEM) images show that the Ti foil substrates are covered by a layer of patterned nanocrystals with aligned and vertically oriented tips and a nanopyramid bottom size of~150 nm (Figures 2d-g ). The enlarged SEM image (Figures 2h and i) and both the side-and top-view of the structural models of a nanopyramid (Supplementary Figure 4) further illustrate the unique 3D mesostructure. The sideview SEM image reveals that the nanopyramids have a thickness of 150 nm (Supplementary Figure 5a) . High-resolution transmission electron microscopy images show that PB NPIs with patterned arrays are solid and crystalline ( Supplementary Figures 5b and c) . When subjected to an interface-constrained thermal pyrolysis at 400°C, the color of the 3D PB NPI films changes from blue to iron red (Supplementary Figure 6a) . In addition, the PB nanopyramid thin films exhibit high flexibility and a stable morphology for over 100 times of repeated bending and releasing without any observable deformation ( Supplementary Figures 6b-e) . The mesoporous iron oxide-NPIs pyrolyzed from PB arrays were obtained by the interfaceinduced thermal conversion method reported previously in our group (Supplementary Figure 7) . 46 The enlarged SEM images (Figures 2h and i and Supplementary Figure 8) show that all of the PB nanopyramids transformed to porous nanopyramids by the thermal conversion.
RESULTS AND DISCUSSION

Fabrication of 3D patterned Plasmon-NPI interfaces
To form the plasmon-NPI interface, a layer of Au nanoparticles was sputtered on 3D NPIs using an Intlvac Nanochrome AC/DC system (Supporting Information). The SEM images show that Au nanoparticles are homogeneously deposited on the surface of the 3D mesoporous NPIs (Supplementary Figure 9) . N 2 sorption isotherms reveal a large surface area of~158 m 2 g − 1 and a large mean pore size of~18 nm (Supplementary Figure 10) . The X-ray photoelectron spectroscopy analysis demonstrates one main peak of O 1s (~533 eV), two peaks of Fe 2p 1/2 and 2p 3/2 in Fe 2 O 3 at~725 and 710 eV, respectively, and peaks of~87.5 and 83.8 eV, which correspond to 4f 5/2 and 4f 7/2 of Au, respectively, and indicate that the NPI films are primarily coated with metal Au 0 particles (Supplementary Figure  11) . 47 The electron dispersive X-ray spectra and mapping reveal that the Au nanoparticles are uniformly deposited on the surface of the iron oxide NPIs (Supplementary Figure 12) .
Fabrication of 3D patterned protein-plasmon-NPI interfaces
To further probe the switching effect on the 3D mesoporous NPIs, Cyt c, 48, 49 which is one of the most intensively investigated redox proteins, was used as a model to be immobilized on the 3D Au-NPI arrays (Supplementary Figure 13) . A Cyt c molecule exists in either an oxidized or reduced state and thus operates as an electron acceptor or donor in PEC systems to switch the photocurrent direction of a photoelectrode. 50 The successful engineering of the plasmon-NPI interfaces with Cyt c was confirmed using fluorescein isothiocyanate Figure 14b) . 51 After being dipped into the fluorescein isothiocyanate-and C-phycocyanin-labeled Cyt c phosphate-buffered solution (25 mM), the fluorescence microscope images of the photoelectrode display that the 3D NPIs have a clear, patterned luminescence. The enlarged images ( Supplementary  Figures 14b2 and c2) show that luminescence is observed from the single unit NPI (~10 × 10 μm 2 ). The thin film exhibits high flexibility and stable morphology even after being immersed in a buffer solution for 48 h (Supplementary Figure 14d) . Spectroscopic characterization also indicates that the oxidized and reduced Cyt c molecules retain their bioactivity without obvious denaturation (Supplementary Figure 15) . 14 The amounts of immobilized, oxidized and reduced Cyt c on the 3D Au-iron oxide mesoporous NPIs were measured to bẽ 45.1 and 49.6 mg g − 1 , respectively, which are~166-and 183-fold increased compared with those on 2D planar Au-iron oxide films without nanopores, which were obtained by an Intlvac Nanochrome AC/DC sputtering system with the same controlled thickness of 150 nm. To further test the switching possibilities, both oxidized and reduced Cyt c molecules were first employed as a redox couple in an integrated Au-NPI electrode (Supplementary Figures 14e and f) . 14, 42 The direct electron transfer between Cyt c and the Au-NPI nanosystem was first realized by photocurrent measurements in a three-electrode PEC cell with the absence of molecular targets. The electron donorreduced Cyt c-assembled Au-NPI-biointerface demonstrates a clear anodic photocurrent (~0.48 mA) at 0 V versus Ag/AgCl (in saturated KCl; Supplementary Figure 14g ) and a 300-fold enhancement of the anodic photocurrent (~0.21 μA) of the 2D planar Au-iron oxide planar biointerface. Moreover, the electron acceptor-oxidized Cyt c immobilized Au-NPI electrode displays a noticeable cathodic photocurrent (~0.33 mA; Supplementary Figure 14g) , which is a~1350-fold enhancement of the cathodic photocurrent (~0.24 μA) of the 2D iron oxide planar biointerface. As a control experiment, no significant photocurrent was obtained with the Au-NPI nanosystem without redox proteins in the phosphate-buffered solution. Therefore, the redox state of oxidized or reduced Cyt c on the 3D Au-NPIs can act as a switch for the photocurrent direction, which agrees with recent reports that plasmon nanosystems are able to exchange electrons with redox-active couples in a solution under plasmon excitation. 14, 42 Fabrication of 3D patterned protein-plasmon-NPI cell interfaces The schematic to construct the biointerface and in-situ culture of living cells and corresponding switchable photo-response during fabrication is shown in Figure 3 . Smart multi-functional biointerfaces based on the mesoporous protein-plasmon-NPI structures for in-situ cell growth and quantitative H 2 O 2 detection are also demonstrated (Figure 3a) . The protein-plasmon-NPI interface offers a robust substrate for site-selective cell adhesion and cultivation of living cells, exhibiting high bioaffinity and excellent biostability for living cells (up to 120 h; Supplementary Figure 16) . A bare Cyt c-Au-NPI interface was used as a substrate to directly grow the living cardiomyocytes and produce an integrated photoelectrode with flexible features (Figures 3b and c) . The mesostructure is combined Nanopyramids featuring efficient direct electrochemistry B Kong et al with the extracellular redox protein to achieve excellent flexibility, good selectivity and enhanced cell adhesion/growth capability. The proposed mechanism for switchable photocurrent generation in the presence of reduced and oxidized Cyt c is simultaneously demonstrated (Figure 3d ). The photoelectrode (size of 0.5 × 1.5 cm 2 ) was immersed in phosphate buffered solution (25 mM) and irradiated by visible light from the side, and the amperometric current response was recorded under a N 2 atmosphere. The chronoamperometric (I-t) curves for Cyt c-Au-NPI photoelectrodes under simulated visible light (with a 430-nm long-pass filter to the white-light source, 73.3 mW cm − 2 ) are shown (Figure 3e) . 46, 52 It has been reported that phorbol 12-myristate-13-acetate (PMA) can trigger H 2 O 2 generation by living cells. 14, 53 For the electrode without AuNPs, the H 2 O 2 oxidation current is insignificant when a low concentration of PMA (5 μg ml − 1 ) is added to the surface of cardiomyocytes (Figure 3f, curve i) . In contrast, the electrode with AuNPs shows a large H 2 O 2 reduction current (Figure 3f, curve ii) . A clear increase in the cathodic currents (~0.26 μA) at an applied potential of 0.0 V (versus Ag/AgCl) is observed (Figure 3f, curve ii) . No response is observed in the control experiments for NPI-Au-Cyt c without cells but with the same PMA injection or for NPI-Au-Cyt c with cultured cells but without PMA dimethyl sulfoxide injection. In addition, after injection of catalase (a selective scavenger of H 2 O 2 ), 53, 35 the cathodic current caused by PMA injection for the NPI-Au-Cyt c electrode with cultured cells almost decreases to the original level before PMA injection (Figure 3f, curve ii) . Accordingly, the cathodic current is ascribed to PMA-induced H 2 O 2 released from cultured cells with a detection limit of~0.2 nm for H 2 O 2 , which is electrocatalyzed on the 3D NPI interface.
To qualitatively understand the role of plasmonic enhancement in a 3D mesoporous NPI film, the electric field distributions were numerically calculated ( Figure 4 ) using a 3D simulation model, which mimics such mesoporous NPI structures with and without Au nanoparticles. By using periodic unit cell boundary conditions in the lateral dimensions (Figures 4i, ii) , a large film of 3D mesoporous NPI-AuNPs was simulated, and near-field patterns at incident light wavelengths of 365, 450, 625 and 685 nm were observed. Featuring spatially confined and strong electromagnetic fields, the plasmonic evanescent waves show maximum field amplitudes around the pores on the 3D nanopyramids at the NPI-AuNPs interface (Figures 4iii,  a2-d2) , where the field amplitudes decay exponentially into the bulk of iron oxide. 54, 55 In addition to the evanescent field around the nanopyramids, photonic-mode light trapping is another important factor for the enhanced photocurrent at the 3D mesoporous NPI-Au interface. This light-trapping effect can be identified by the intense electric field in the valley region between adjacent nanopyramids in Figure 18) . The wavelength-dependent electric field confinement, which corresponds to the photonic-mode light trapping in the pores and valley of the porous 3D NPI films (Figures 4iii,  a1-d1) , was enhanced in the presence of Au nanoparticles, for which additional plasmonic-mode light trapping also has a prominent role (Figures 4iii, a2-d2 ). This can be observed from the trend of increasing electric-field confinement with incident light wavelength (Supplementary Figure 24) . In comparison to the planar structure, 3D mesoporous NPIs have a larger surface area and can therefore host a larger number of Au nanoparticles (Supplementary Figure 17) . This results in stronger interparticle coupling and more intense electric field confinement in the 3D mesoporous-NPI film with AuNPs ( Supplementary Figure 25) than in the planar mesoporous film with AuNPs, leading to enhanced light trapping. 55 Compared with simplified 2D planar smooth surfaces, planar porous substrates or smooth substrates with gold nanoparticles in theoretical simulations, the 3D porous substrate with gold nanoparticles exhibits a more significant evanescent field and photonic light trapping (~26-fold increase at 625 nm), owing to the increased surface roughness and accessible mesopores, 55 which agrees with the performance of the 3D porous substrate-enhanced PEC in three-electrode PEC cells (Figure 3f and Supplementary Figure 14g) . CONCLUSIONS 3D mesoporous iron oxide NPIs were fabricated by facile patterned directed assembly for the first time. The unique NPIs possess a 3D mesostructure with multiple features, which include a large surface area (~158 m 2 g − 1 ), a large pore size (~18 nm) and excellent flexibility (can be folded 100 times). Furthermore, the unique structure allows efficient immobilization of Cyt c (~165-fold increase) and a significant enhancement of localized surface plasmon resonance (~26-fold at 625 nm). Combining 3D porous mesostructures and suitable pore sizes, the porous biointerfaces provide an ultrasensitive photocurrent from direct electrochemistry (over 1000-fold enhancement) on 3D mesostructures, allowing in-situ selective and quantitative monitoring Figure 4 Simulation model of a mesoporous-nanopyramid island (NPI) film and numerically calculated near-field distribution maps. (i) Top view and (ii) perspective view of the simulation model depicting a two-dimensionally periodic mesoporous-NPI film with gold nanoparticles (AuNPs). The square boxes in both cases highlight the unit cell of the periodic mesoporous-NPI-AuNPs film. (iii) Normalized near-field distribution maps of the numerically calculated electric field on the surface of a mesoporous-NPI film without (a1, b1, c1 and d1) and with (a2, b2, c2 and d2) gold nanospheres at different incident light wavelengths (365, 450, 625 and 685 nm), which shows electric-field confinement and characteristic evanescent field patterns near the mesoporous-NPI-AuNP interfaces.
Nanopyramids featuring efficient direct electrochemistry B Kong et al of biomolecules (~0.2 nm for H 2 O 2 ). The integrated plasmonic Au-NPIs exhibit significantly enhanced PEC conversion performance under simulated solar and visible light radiation. Instead of forming a continuous film coverage over the entire surface, the existence of patterns allows the formation of mesoporous iron oxide NPIs. Thus, the surface strain between adjacent NPIs, which would otherwise exist and have a negative effect on the imitate cell interfacing described above, can be effectively reduced. In addition, compared with a uniform surface, the existence of patterns can further allow multiplexed surface functionalization and measurement. Therefore, combined with the 3D patterned mesostructures, the patterned structure provides a large surface area, a coarse porous surface and a highly biocompatible interface, thereby facilitating the adhesion and direct growth of living cells (more than 120 h). More importantly, this investigation provides a novel paradigm for using an unconventional porous inorganic-biointerface and suggests the new strategy of using 3D mesostructures to perform direct electrochemistry on proteins with the aim of developing biosensing and processing biomedical applications.
